Carbon leakage provides an efficiency argument for unilateral climate policy to differentiate emission prices in favor of emission-intensive and trade-exposed sectors. At the same time, differential emission pricing can be (mis-)used as a beggar-thy-neighbor policy to exploit terms of trade. Using an optimal tax framework, we propose a method to decompose the leakage motive and the terms-of-trade motive for emission price differentiation. We employ our method for a quantitative impact assessment of unilateral climate policy based on empirical data. We find that the leakage motive yields only small efficiency gains compared to uniform emission pricing. Likewise, the terms-of-trade motive has rather limited potential for strategic burden shifting. We conclude that the simple first-best rule of uniform emission pricing remains a practical guideline for unilateral climate policy design.
Introduction
Non-differential pricing of uniformly dispersed pollutants across all sources constitutes a first-best strategy to meet some emission reduction target implemented via harmonized emission taxes or likewise a system of tradable emission quotas: the marginal cost (price) to each use of a given pollutant should be the same so that the economy as a whole will employ the cheapest abatement options.
However, incomplete regulatory coverage of emission sources provides an efficiency rationale for emission price differentiation. When unilateral emission regulation aims at combating international externalities, such as global warming, lower emission prices for emission-intensive and trade-exposed industries can reduce emission increases by unregulated trading partners -a phenomenon referred to as emission leakage (Hoel 1991, Felder and Rutherford 1993) . There are two basic channels through which emission leakage may occur. First, leakage can arise when emission-intensive and tradeexposed industries in countries with emission constraints lose competitiveness, thereby shifting emission-intensive production to unconstrained regions. Second, emission regulation in open economies may depress international prices for fossil fuels which induces a growth in energy demand of unregulated regions. Hoel (1996) demonstrates that differentiated emission prices may be desirable for a unilateral abating country in order to counteract emission leakage. While a country cannot impose a uniform emission price on other countries and thereby achieve the first-best outcome, it can influence foreign production and consumption by changing world prices. The logical implication is that unilateral emission regulation should account for international spillovers. In his analysis of optimal unilateral emission pricing, Hoel generalizes the seminal work by Markusen (1975) who shows in a two-sector, two-region model that the optimal tax structure for a unilaterally regulating country in the case of an international externality consists of a pollution tax and a tariff. The intuitive result is that the optimal tariff corresponds to the optimal (Pigouvian) domestic pollution tax discounted by the degree to which demand for the "dirty" good outside the regulating region is stimulated by the tariff-induced reduction in the world market price of that good. Furthermore, Markusen points out that the optimal pollution tax will differ from the Pigouvian tax in case tariffs are not a viable policy instrument. Hoel provides a more general theoretical model to confirm that a uniform carbon tax on all domestic consumers and producers should be complemented with tariffs on the traded goods (i.e., as a tax on net imports or a subsidy on net exports) in order to counteract leakage. He shows that the differentiation of emission taxes across sectors becomes optimal as the unilaterally abating country is prevented from using tariffs on traded goods.
In view of missing or incomplete international climate agreements as well as the legal and political pitfalls of carbon tariffs, differential emission pricing is an important issue in the design of unilateral climate policies. As a matter of fact, current regulatory practice in the EU boils down to differential 3 emission pricing between emission-intensive industries facing a uniform carbon value through the EU emission trading system and the remaining segments of the EU economy that are subject to complementary national regulations (Böhringer et al. 2009 ).
While differential emission pricing may be justified as a second-best strategy to reduce leakage and improve global cost-effectiveness of unilateral climate policies, the fundamental problem is that strategic price differentiation can be (mis-)used at the same time to exploit terms of trade. Large open economies may be tempted to differentiate emission prices as a substitute for optimal tariffs shifting the domestic emission abatement burden as much as possible to unregulated trading partners. The terms-of-trade motive induces countries to increase domestic emission taxes on "dirty" commodities which are exported and lower taxes on "dirty" commodities which are imported (Krutilla 1991 , Anderson 1992 ).
The challenge for an informed policy debate on emission price differentiation is that the leakage and terms-of-trade motives are inherently intertwined. It is not obvious to what extent emission price differentiation can be justified on global efficiency grounds (to combat leakage) or should be disguised as undue strategic exploitation of international market power (to manipulate terms of trade). Likewise, a domestic regulator may want to sort out the pure leakage motive for differential emission pricing in negotiations with representatives of influential emission-intensive industries that lobby for preferential treatment at the expense of other sectors in the economy.
In this paper we present an analytical optimal tax framework that decomposes the leakage and terms-of-trade motives for differential emission pricing. We then incorporate the decomposition method in a computable general equilibrium model to investigate the relative importance of the leakage and the terms-of-trade motive for the direction and magnitude of emission price differentiation based on empirical data. Furthermore, the numerical analysis allows us to assess the magnitude of global cost savings as well as the scope for burden shifting through differential emission pricing compared to non-strategic uniform emission pricing.
Our quantitative results suggest that both motives for differential emission pricing -the leakage motive as well as the terms-of-trade motive -are likely to be overstated in the debate on preferential treatment of emission-intensive and trade-exposed industries. While leakage concerns may justify distinct emission price reductions for these sectors, the impacts on leakage and on the overall economic cost of emission abatement are small. Likewise, the potential for exploiting terms of trade through differential pricing of emission-intensive and trade-exposed commodities and the rest of the economy is limited; large open economies such as the EU or the U.S. cannot substantially reduce their abatement cost by using sophisticated tax differentiation. A simple first-best rule of uniform emission pricing performs only slightly worse in terms of economic efficiency in a second-best setting with international spillovers. We conclude that uniform emission pricing remains a practical guideline for unilateral climate policy design.
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Our policy conclusion can be traced back to the limited relevance of trade in emission-intensive commodities for achieving global emission reduction through differential unilateral emission pricing.
Emission leakage and terms-of-trade effects are to a large extent driven by changes in international fossil fuel prices which in turn hinge primarily on reductions in global fossil fuel demand. In our costeffectiveness analysis of unilateral climate policy we keep the targeted global emission reduction constant: as the global emission cutback is directly linked to the reduction of global fossil fuel demand, the international energy market responses are fairly robust to alternative unilateral emission pricing strategies. Trade in emission-intensive goods which can be influenced through differential emission pricing plays an inferior role for leakage and terms-of-trade changes. Leakage concerns warrant price discrimination in favor of emission-intensive and trade-exposed commodities but the potential for global cost savings is small since these goods only account for a smaller share in global trade (emissions) and differential emission pricing bears direct opportunity cost (as domestic marginal abatement cost are no longer equalized). For the same reasons, the scope for burden shifting under the terms-of-trade motive is limited.
The remainder of this paper is organized as follows. Section 2 presents the basic theoretical framework underlying our decomposition of the leakage and the terms-of-trade motives for emission price differentiation. Section 3 entails a non-technical summary of the computable general equilibrium model and discusses our numerical findings. Section 4 concludes.
Theoretical Background
Leakage and terms-of-trade effects provide theoretical arguments for emission price differentiation across domestic sectors of a unilaterally regulating country. Both effects are intertwined. Emission constraints in an open economy not only cause adjustments of domestic production and consumption patterns but influence international prices, i.e., the terms of trade, via changes in trade flows.
Simultaneously, leakage occurs with changes in relative prices as emission reductions in the regulating country are partially offset through the increase of emission-intensive production and higher energy demands in unregulated countries. A rigorous assessment of the relative importance of the leakage and the terms-of-trade motives for differential emission pricing requires a decomposition of these international spillover effects. Our decomposition method is based on the idea that the unilateral abating country must compensate other countries for induced terms-of-trade losses and thus has no longer an incentive for strategic terms-of-trade manipulation.
In this section we present an analytical framework to illustrate our decomposition technique which will be used later in the empirical general equilibrium analysis. We start with a stylized two-region, multi-commodity economy where we first derive a Pareto-optimal allocation to satisfy a transboundary emission constraint. We show that any unilateral emission tax (price) by one country cannot achieve efficiency as long as transboundary pollution is taken into account. Next, we derive the 5 first-order conditions for optimal unilateral emission policies from the perspective of a large open economy where the domestic regulator might want to deviate from uniform emission pricing for two reasons: the terms-of-trade motive and the leakage motive. We then show that we can suppress the terms-of-trade motive by demanding that the unilaterally taxing region must keep the other region at the initial welfare level through compensating transfers. While the general finding on differential emission pricing is in line with Hoel's seminal contribution (Hoel 1996) , our analytical setting allows for an innovative and policy-relevant decomposition of the terms-of-trade and leakage motives.
The Basic Model
We consider a simple two countries model (regions r = 1, 2) in which consumption goods n i ,. 
The interpretation is straightforward: the marginal rates of substitution have to be identical across countries j i   / and also be equal to the marginal rate of transformation from reallocating capital and energy across the respective sectors.
The Decentralized Equilibrium
Producers in the respective countries can sell their products on the domestic or international market where output prices in both markets are assumed to be given by 
To analyze the optimal unilateral choice of emission taxes by country, we must totally differentiate the equilibrium conditions. Differentiating (6) and using (4), we obtain (see Appendix A): Second, consider the leakage motive for tax differentiation: unilateral emission taxes in country 1 reduce domestic energy demand while increasing energy demand abroad through lower energy prices and higher prices for emission-intensive goods. The marginal effects of sectoral tax rates on leakage differ such that the accounting for leakage in the policy choice also generally leads to differentiated taxes. Country 1 would like to decrease emission taxes on emission-intensive traded goods to reduce counterproductive leakage spillovers to country 2.
Decomposition 9
In order to assess the relative importance of the terms-of-trade and leakage motives for differential emission pricing, we can suppress the terms-of-trade motive following an intuitive idea of crosscountry compensation: country 1 optimizes its taxation policy 
as shown in Appendix A.
As we impose compensating transfers, the only remaining reason for differentiating taxes is leakage.
3 In this case, we can assign the extent of tax differentiation fully to the leakage motive. That is, the terms-of-trade motive is "switched off". In turn, we can consider the extent to which the termsof-trade motive leads to differentiated taxes by "switching off" the leakage motive. For this, we solve the first-order conditions (11) with α = 0 (i.e., country 1 does not consider the marginal effects of its policy choice on foreign emissions). It is then obvious that the terms-of-trade motive remains the only reason for tax differentiation.
It should be noted that our reasoning is identical when we switch from emission taxes as policy instrument to partitioning some targeted emission budget across sectors without the possibility of cross-sector emission trading.
Numerical Analysis
The analytical derivation of optimal emission prices becomes intractable for equilibrium conditions 3 As another way to see this, we can reconsider condition (7). If α = 0, country 1 could achieve any Pareto optimum by unilaterally setting an emission tax, i.e., a tax on energy use, at that exceed the complexity of textbook models (Markusen 1975 , Hoel 1996 . Furthermore, the results obtained through marginal analysis can in general not be transferred to structural shocks. Thus, we must use a computable general equilibrium (CGE) approach based on empirical data to quantify how international spillovers affect the magnitude and direction of emission price differentiation and how the cost implications differ from the case of (non-strategic) uniform emission pricing. Our decomposition technique thereby allows us to ascertain the relative importance of the terms-of-trade and leakage motives.
The numerical analysis is cast as a policy optimization problem subject to economic equilibrium conditions: where the dual variable associated with the global emission constraint endogenously scales the domestic emission target of the unilaterally abating region to offset leakage. 4 We impose a non-negativity constraint on emission prices to exclude the possibility of emission subsidies.
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In order to suppress the terms-of-trade motive we need to add a transfer constraint for each unregulated region r' that keeps this region at its initial welfare level
where the respective dual variable denotes the lump-sum transfer between the regulated region r and the unregulated region r'. Following our theoretical exposition, the regulated country then has no incentive for strategic terms-of-trade manipulation.
The remaining equilibrium conditions in our numerical analysis are provided by a standard global multi-region, multi-sector CGE model (Böhringer and Rutherford 2010) of global trade and energy use which readily incorporates terms-of-trade and leakage spillover effects.
In this section, we first provide a brief non-technical summary of the CGE model. 5 We then describe alternative unilateral climate policy scenarios to curb global carbon emissions and interpret the simulation results. Finally, we provide sensitivity analysis on the robustness of our findings.
Computable General Equilibrium Model
Our static CGE model features a representative agent in each region that receives income from three primary factors: labor, capital, and fossil-fuel resources. Labor and capital are intersectorally mobile within a region but immobile between regions. Fossil-fuel resources are specific to fossil fuel production sectors in each region.
Production of commodities, other than primary fossil fuels is captured by nested constant elasticity of substitution (CES) cost functions describing the price-dependent use of capital, labor, energy, and material. At the top level, a CES composite of intermediate material demands trades off with an aggregate of energy, capital, and labor subject to a constant elasticity of substitution. At the second level, a CES function describes the substitution possibilities between the energy aggregate and a value-added composite of labor and capital. At the third level, capital and labor substitution possibilities within the value-added composite are captured by a CES function. The energy aggregate is further split into a fossil fuel composite and electricity subject to a constant elasticity of substitution.
In the production of fossil fuels, all inputs, except for the sector-specific fossil fuel resource, are aggregated in fixed proportions at the lower nest. At the top level, this aggregate trades off with the sector-specific fossil fuel resource at a constant elasticity of substitution.
Final consumption demand in each region is determined by the representative agent who maximizes utility subject to a budget constraint with fixed investment (i.e., a given demand for savings) and exogenous government provision of public goods and services. Total income of the representative household consists of factor income and taxes. Consumption demand of the 12 representative agent is given as a CES composite that combines consumption of energy and nonenergy goods.
Bilateral trade is specified following the Armington approach of product heterogeneity where domestic and foreign goods are distinguished by origin (Armington 1969) . All goods used on the domestic market in intermediate and final demand correspond to a CES composite that combines the domestically produced good and the imported good from other regions. 6 A balance of payment constraint captures the base-year trade deficit or surplus for each region.
Anthropogenic carbon emissions as the main driving force for climate change are linked in fixed proportions to the use of fossil fuels, with carbon coefficients differentiated by the specific carbon content of fuels. Restrictions to the use of carbon emissions in production and consumption are implemented through exogenous emission constraints or equivalently carbon taxes. Carbon emission abatement takes place by fuel switching (interfuel substitution) or energy savings (either by fuel-nonfuel substitution or by a scale reduction of production and final demand activities). Revenues from carbon pricing are recycled lump-sum to the representative agent in the regulating region.
The model builds on the most recent GTAP7 database with detailed accounts of regional production, regional consumption, bilateral trade flows as well as energy flows and carbon emissions for the year 2004 (Badri and Walmsley 2008) . The GTAP database is aggregated towards a composite set of sectors and regions to accommodate the policy-relevant assessment of unilateral emission pricing strategies. The energy goods identified in the model are coal, crude oil, natural gas, refined oil products, and electricity which allows us to distinguish energy goods by carbon intensity and to capture price-responsive fossil-fuel switching. The model then features an aggregate of emissionintensive and trade-exposed non-energy goods which are referred to as "sectors at risk of carbon leakage" in the policy debate and are eligible for preferential emission regulation (EU 2009). The aggregate of emission-intensive and trade-exposed commodities includes iron and steel, chemical products, non-ferrous metals, non-metallic minerals, paper-pulp-print, and transport. All remaining commodities are summarized through a composite macro good. With respect to regional disaggregation, the model covers major industrialized and developing regions that are central to the climate policy debate: the EU, the U.S., Canada, Japan, Australia and New Zealand, Russia, China, India, Brazil, Mexico, and South Africa. In addition, the organization of oil exporting countries (OPEC) is incorporated along with a composite region for the rest of the world. As is customary in applied general equilibrium analysis, base year data together with exogenous elasticities determine the free parameters of the functional forms. Elasticity values in international trade (Armington elasticities) and domestic production are based on empirical estimates reported in the GTAP database; supply elasticities for fossil fuels are taken from the econometric literature (Graham et al. 1999 In the four strategic scenarios we focus on differential emission pricing between emission-intensive and trade-exposed industries (thereafter referred to as EIS) on the one hand and the rest of the 
Simulation Results
Prior to the detailed interpretation of simulation results we reflect on important economic mechanisms that drive the marginal and inframarginal cost of unilateral emission abatement in the presence of international spillovers. In our quantitative analysis below we find that while the leakage motive can lead to a distinct preferential treatment of EIS industries, the scope for leakage reduction is rather small. The reason is that leakage is predominantly driven through robust energy market adjustments associated with the need for fossil fuel use reduction to meet the global carbon constraint. As expected, the pure leakage motive captured by scenario Leakage leads to an unambiguous emission price differentiation in favor of emission-intensive and trade-exposed industries. Lower emission prices alleviate the cost disadvantage for these industries relative to competitors abroad.
Under optimal price differentiation the increase in direct abatement cost (due to diverging marginal abatement cost across segments of the domestic economy) are offset at the margin by the indirect gains of reduced emission leakage (and thus reduced domestic abatement). Our quantitative results based on empirical data indicate that emission-intensive and trade-exposed industries in the EU or the U.S. pay substantially lower emission prices under the pure leakage motive than the rest of the economy.
The directional implications of the pure terms-of-trade motive represented by scenario ToT are ambiguous and depend on trade characteristics, most notably trade intensities and trade elasticities. Key: EIS -energy-intensive and trade-exposed sectors, OTH -remaining segments of the economy, BaU -business-asusual, HEV -Hicksian equivalent variation in income
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The principle logic behind differential emission pricing as a substitute for optimal tariffs is to make the country act as monopolists on export markets (i.e., increasing the prices of export goods) and as a monopsonist on import markets (i.e., subsidizing domestic production of goods that compete on import markets). Drawing on the benchmark data, the EU is a net exporter of emission-intensive goods and a net importer of the composite macro good -therefore the terms-of-trade motive suggests higher rather than lower emission prices for domestic emission-intensive production. In turn, the U.S. which is a net importer of emission-intensive goods goes for lower emission prices in the emission-intensive sector in order to discriminate against competing imports, thereby reducing import demand and import prices.
A potentially important policy insight in the debate on beggar-thy-neighbour strategies is that unilaterally abating countries with a strong export position for emission-intensive products can hardly be accused of selfish terms-of-trade exploitation should they impose lower emission prices on emission-intensive industries than on the rest of their economy.
If both motives for price discrimination overlap (scenario ToT_Leakage), the direction of price discrimination is a priori not clear for the case of net exporters of emission-intensive goods since the terms-of-trade motive and the leakage motive work in opposite direction. The combined effect for net importers of emission-intensive goods, on the other hand, is unambiguous since both leakage and terms-of-trade motives imply lower emission pricing in favor of emission-intensive and trade-exposed industries.
The simulation results indicate that the absolute emission price level for the other segments of the economy (OTH) remains relatively stable independent of strategic emission pricing. The reasoning behind is twofold. First, emission-intensive and trade-exposed industries (EIS) only account for the smaller part of economy-wide emissions in the EU and the U.S. 10 Second, the marginal abatement cost curve for OTH is flatter than that for EIS pointing to cheaper emission mitigation possibilities outside EIS (to a larger extent because of low-cost fuel switching options in the electricity sector).
To a first approximation, the impacts on emission-intensive and trade-exposed production reflect the cost increase for fossil fuel use in these industries. Emission pricing thereby not only affects comparative advantage of domestic emission-intensive and trade-exposed production vis-à-vis production of the same goods abroad but also the competitive situation with respect to the production of other goods. The lower the unilateral emission prices for EIS, the less pronounced is the decrease in domestic EIS production and reversely the increase in EIS production abroad. For the EU, the pure leakage motive leads to the lowest emission prices for emission-intensive industries whereas the pure terms-of-trade motive implies the highest emission prices -recall that the EU as a net exporter of emission-intensive products uses differential emission pricing as a substitute for strategic export taxes on these goods. The decline in EU emission-intensive and trade-exposed production is therefore lowest for scenario Leakage and highest for scenario ToT. For the U.S., which is a net importer of emission-intensive goods, both the terms-of-trade and leakage motives imply a preferential treatment of emission-intensive and trade-exposed industries -EIS production losses are most moderate for scenario Leakage followed by scenarios Leakage-ToT and ToT.
Differential emission pricing under leakage and terms-of-trade motives induces distinct changes in EIS production impacts compared to uniform emission pricing but the implications for emission leakage are quite small. The leakage rate which is defined as the change in emissions of unregulated regions over the change in emissions of the regulating region ranges between 35.7 to 38.3 percent for EU unilateral action and 15.3 to 16.5 percent for U.S. unilateral action. One reason for the substantially higher leakage rates triggered by EU action is that the EU is a more open economy than the U.S., meaning that imports and exports constitute a larger share of the economy in the EU. This is true both for emission-intensive goods and for fossil fuels, where the EU is a much bigger importer (relative to own consumption) than the U.S. Another reason for higher leakage rates with unilateral EU abatement policies is that emission-intensive industries in the EU are less carbon-intensive than the same industries in the U.S. Thus, relocation of industrial activities away from the abating region has more adverse effects on global emissions when the EU imposes unilateral climate policies. In qualitative terms, the changes in leakage rates go along with the differential impacts on emissionintensive and trade-exposed production (both domestically and abroad) triggered by alternative emission pricing strategies. The leakage rate is smallest for the lowest emission price to EIS production which occurs under the pure leakage motive (scenario Leakage) for both regions. The leakage rate is biggest for the highest emission price to EIS production which will be set under the pure terms-of-trade motive (scenario ToT) for the case of EU action and with uniform emission pricing (either non-strategically under scenario REF or in the absence of both motives under scenario None)
for the case of U.S. action.
As noted before, the scope for leakage reduction through preferential emission pricing of domestic EIS production is quite limited. This can be traced back to the dominant role of robust energy market adjustments for leakage. The sectoral contribution to leakage from emission-intensive and tradeexposed industries amounts to roughly a third of the total leakage rate (other important non-EIS contributors are power generation and refineries) for the EU and the U.S. Leakage is however not only caused by the relocation of production but also through changes in emission intensities: while domestic production reduces emission intensity because of emission cost, production abroad becomes more emission-intensive as international fuel prices go down. If one abstracts from changes in energy intensity then the sectoral contribution of EIS production to leakage drops substantially and it becomes clear that the differential impacts on EIS production from alternative emission pricing strategies has only a limited impact on the global leakage rate.
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Finally, we discuss the implications of alternative emission pricing strategies for global costeffectiveness and the economic burden to the regulating region as well as to the composite of unregulated regions. Economic cost (welfare) are measured as Hicksian equivalent variation (HEV) in income, i.e., the amount of money which is necessary to add to (or deduct from) the business-as-usual income of the representative consumer so that she enjoys a utility level equal to the one in the counterfactual policy scenario on the basis of ex-ante relative prices. The metric for measuring global efficiency costs of the different policies is based on a utilitarian perspective, i.e., we add up moneymetric utility with equal weights across all regions (thereby being agnostic on cost distribution).
Our quantitative results confirm the qualitative theoretical insight that preferential emission pricing of energy-intensive and trade-exposed industries to counteract leakage will improve global costeffectiveness of unilateral abatement action: as we transit from scenario None to scenario Leakage or likewise from scenario ToT to scenario ToT_Leakage global economic adjustment cost to reach a given reduction in global emissions through unilateral action decline. However, the global cost savings are rather small which again can be traced back to the limited potential for cost-effective leakage reduction through emission price differentiation between EIS and OTH industries. We also see that the potential for burden shifting through strategic exploitation of international market power is very limited when we compare differential emission pricing under scenario ToT (i.e., the pure terms-oftrade motive) with non-strategic uniform emission pricing under scenario Ref: the cost distribution between the unilaterally abating region and the composite of unregulated regions hardly changes. In fact, for the case of EU unilateral action the EU fares even better without strategic pricing at all as its gains from exploiting international market power through higher prices on EIS goods are more than offset through the higher cost of leakage adjustment.
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We have introduced compensating transfers in our analysis as a means to decompose the terms-oftrade and leakage motives for emission price differentiation. Yet, they also elucidate the crucial role of terms-of-trade effects on international energy markets for the cost incidence of emission reduction that has been pointed out in previous research (Böhringer and Rutherford 2002) . A global emission cutback requires in first place reductions in fossil fuel demand, depressing international fuel prices. Larger fuel importers such as the EU or the U.S. benefit from the decline in international fuel prices which may offset a substantial part of their primary emission abatement cost while shifting the burden in particular to fuel exporters such as OPEC or Russia. 12 For both -the EU and the U.S. -the cheapest unilateral climate policy is to account for leakage and at the same time fully exploit terms of trade (scenario Leakage_ToT without compensation). If the EU or the U.S. must compensate the rest of the 11 Note that -for the EU -the pure terms-of-trade motive leads to the highest leakage rate which needs to be offset by increased domestic abatement; yet, this leakage effect is not endogenous to the optimization problem of the EU since we suppress the leakage motive. 12 Sensitivity analysis on the stringency of unilateral and thus global emission reduction targets shows that for a lower unilateral emission reduction pledge of 15 % the terms-of-trade gains can even outweigh the primary cost of emission abatement for the U.S. or the EU leaving them better off compared to a business-as-usual situation without climate policy.
world for terms-of-trade losses as requested under scenarios None and Leakage unilateral abatement is much more costly for them. When we compare the magnitude of economic cost for the EU or the U.S.
across scenarios Ref (no compensation and no strategic price differentiation), NONE (compensation and no leakage adjustment motive) and scenario ToT (no compensation and strategic price differentiation to exploit terms of trade) it becomes clear that the bulk part of terms-of-trade changes are not associated with strategic price differentiation between EIS and OTH industries but stem from robust energy market adjustments.
To sum up: while differential emission pricing motivated by global environmental concerns or international market power can lead to substantial deviations from uniform emission pricing, the inframarginal effects on global cost-effectiveness and burden sharing are small. Leakage and terms-oftrade effects are largely determined by robust energy market adjustments under a global emission constraint. The scope for strategic responses to international spillovers through price differentiation between emission-intensive and trade-exposed industries and the rest of the economy is limited through the increase of direct abatement cost associated with differential emission pricing.
Sensitivity Analysis
We have performed extensive sensitivity analysis to understand how changes in key assumptions affect our conclusions. We find that our insights regarding the implications of the terms-of-trade and leakage motives for differential emission pricing and the inframarginal welfare cost remain robust.
In our central case simulations, energy market adjustments account for a large share of terms-oftrade changes and emission leakage. The responsiveness of international fuel markets to changes in energy demand is determined by supply elasticities. Lower (higher) elasticities imply that fossil fuel prices drop more (less) as a consequence of energy demand reductions with opposite welfare implications for fuel exporting and fuel importing regions. The lower (higher) the energy supply elasticity the stronger (weaker) is the energy market channel for leakage and thus the stronger (weaker) is the case for leakage-motivated price differentiation in favor of emission-intensive industries.
Armington trade elasticities that capture the ease of substitution between domestic goods and imported goods constitute an important driver for the magnitude of leakage and terms-of-trade effects.
Changes in these elasticities affect the relative importance of the leakage motive versus the terms-oftrade motive for emission price differentiation. Higher Armington elasticities ceteris paribus imply more leakage and less scope for tax burden shifting so the leakage motive becomes more important compared to the terms-of-trade motive.
Within our central case simulations, the abating region has a unilateral emission reduction pledge of 20 percent with respect to the base-year emission level. Changes in the stringency of the emission reduction level affect both the magnitude of price differentiation associated with different motives as 22 well as the level of economy-wide adjustment cost. Not surprisingly, higher reduction targets lead to an upward-shift of average emission prices and an increase in total economic cost. For sufficiently low reduction targets, fuel importing regions may be able to offset the cost of unilateral abatement through terms-of-trade gains on energy markets. The leakage argument for lowering emission prices in favor of emission-intensive and trade-exposed industries production becomes more important towards higher emission reduction requirements as the increase in domestic emission prices enhances comparative cost advantage of foreign competitors.
The regions considered for unilateral abatement in our central case simulations cover the EU and the U.S. as the most important industrialized regions that are already under way (the EU) or might follow suit with domestic emission constraints. Both, the EU as well as the U.S. are importers of fossil fuels and thus can benefit from the depression of international fossil fuel prices associated with the global reduction in fossil fuel demands. If one considers compensating transfers that include terms-oftrade losses or gains on energy markets as a viable policy option, 13 the ranking of policy scenarios is obviously quite different from the perspective of fossil fuel exporters such as Russia or OPEC. The latter would prefer to get compensated from the rest of the world for their terms-of-trade losses that occur primarily on the energy markets due to targeted (global) carbon emission reductions. As we suppress the terms-of-trade motive, unilaterally abating fuel exporters receive a net transfer from nonabating regions (keeping non-abating regions at their business-as-usual welfare level). Thus, energy exporters are best off under scenario Leakage where they receive a net income transfers from the rest of the world and employ price differentiation to mitigate leakage. Most expensive for them -among the four strategic pricing variants -is scenario ToT: in this case they can try to exploit terms-of-trade gains on non-energy goods markets but are left with the dominant terms-of-trade losses on the international fuel markets (in addition, efficient leakage adjustment is not strategically taken into account in this scenario).
Conclusions
As long as the world community fails to achieve a broad-based international agreement with binding multilateral emission reduction targets, greenhouse gas emission reduction hinges on unilateral action by industrialized countries acknowledging historical responsibility and ability-to-pay. Costeffectiveness of unilateral climate policy may, however, be seriously hampered through emission leakage to unregulated regions. Concerns on global environmental integrity of unilateral emission control provide an important argument for preferential treatment of emission-intensive and trade-exposed sectors. At the same time, the leakage motive for differential emission pricing cannot be easily distinguished from potential interests of the abating region to exploit international market power through strategic terms-of-trade manipulation. In a political economy perspective the leakage argument may also be employed by domestic lobby groups with the objective to dilute inevitable structural change in favor of specific industries.
In this paper we have developed a theoretical framework of how to decompose the leakage motive from the terms-of-trade motive for differential emission pricing in the presence of international spillovers. We then have implemented our decomposition method in a large-scale computable general equilibrium model of global trade and energy use to ascertain the relative importance of these motives for the direction and magnitude of emission price differentiation as well as the induced inframarginal adjustment cost. The main insight from our quantitative analysis is that the scope for global efficiency gains and burden shifting through strategic emission price differentiation is rather limited. The reason is that economic adjustment to global emission constraints to be achieved by unilateral abatement is largely driven by robust international energy market effects independent from alternative domestic emission pricing strategies. Unilaterally climate policy may therefore be well advised to stick to the simple first-best rule of uniform emission pricing rather than embarking on complex second-best arguments which may cause detrimental conflicts with trading partners.
A Mathematical Proofs
Proof of equation (10) Differentiating the balance of payments in (6), we obtain ) ( ) ( Proof of equation (13) Plugging ( where, in the last step, we used the market clearance condition for the energy market.
B Algebraic Model Summary
Two classes of conditions characterize the competitive equilibrium for our model: zero profit conditions and market clearance conditions. The former class determines activity levels and the latter determines price levels. In our algebraic exposition, the notation u ir  is used to denote the profit function of sector j in region r where u is the name assigned to the associated production activity.
Differentiating the profit function with respect to input and output prices provides compensated demand and supply coefficients (Shepard's lemma), which appear subsequently in the market clearance conditions. We use i (aliased with j) as an index for commodities (sectors) and r (aliased (1 ) 
